The purpose of this study was to investigate the benefit of landmark registration when applied 25 to waveform data. We compared the ability of data reduced from time-normalised and 26 landmark registered vertical ground reaction force (vGRF) waveforms captured during 27 maximal countermovement jumps (CMJ) of 53 active male subjects to predict jump height. 28 vGRF waveforms were landmark registered using different landmarks resulting in four 29 registration conditions: (i) end of the eccentric phase, (ii) adding maximum centre of mass 30 (CoM) power, (iii) adding minimum CoM power, (iv) adding minimum vGRF. In addition to 31 the four registration conditions, the non-registered vGRF and concentric phase only were time-32 normalised and used in subsequent analysis. Analysis of characterising phases was performed 33 to reduce the vGRF data to features that captured the variability of each waveform. These 34 features were extracted from each condition's vGRF waveform, time-domain (time taken to 35 complete the movement), and warping functions (generated from landmark registration). The 36
Introduction 45 Biomechanical analysis of kinetic and kinematic waveforms has traditionally identified 'key' 46 features that have been related to the performance of a movement or to injury mechanisms.
This process is commonly referred to as discrete point analysis and reduces the dimensionality normalised data, could provide more appropriate features that have a greater ability to predict 95 performance measures or injury mechanisms. To assess this aim, a vertical CMJ will be used 96 as it has a good performance indicator (jump height), is well-researched, and the vGRF can 97 theoretically describe 100% of jump height by the impulse-momentum relationship. Landmark 98 registering to align phases in a vGRF waveform during a CMJ is implemented in order to 99 decrease the inherent timing/phase variability, thereby, increasing the ability of the vGRF 100 waveform features to describe jump height. It is hypothesised that features extracted from the cm) who were free from lower limb injury at the time of testing. Subjects wore their own 114 athletic footwear during the testing protocol. 115 Before data collection, subjects undertook a standardised warm-up including a 2-minute jog, 5 116 bodyweight squats, and 2 submaximal and 3 maximal CMJs. Each subject then performed 3 117 maximal trials with a 30-second rest between trials. The testing took place in the biomechanics laboratory of the clinic using two AMTI force platforms (1000Hz; BP400600, AMTI, USA).
119
Force data were collected for each leg on a separate platform and were subsequently summed 120 for further analysis. Analysis of the data was completed in the following order: data processing, 121 landmark registration of the data, data reduction to discrete features utilising the analysis of 122 characterising phases (ACP), and statistical analysis between data conditions. 123
Data Processing

124
Maximal jump trials for each subject were analysed. A custom MATLAB code (The 125 MathWorks, Natick, USA) was used to perform all data processing and analysis. Force data 126 were low-pass filtered using a fourth-order Butterworth filter (15Hz cut-off frequency). CoM 127 velocity was calculated by the integration of the body weight adjusted vGRF divided by the 128 mass of the subject. CoM velocity at take-off was used to calculate jump height for each trial. Dowling and Vamos, 1993; Morrissey et al., 1998; Petushek et al., 2010) . These events were 145 added one at a time resulting in four different registration conditions: warped 3 , warped 4 , 146 warped 5 , and warped 6 ( Figure 2B ). The first and last landmarks were the start of the CMJ and 147 take-off, respectively, for every registration condition.
148
To register each curve to the specified landmarks, a warping function was applied to the TN 149 vGRF and time-domain curves. First, a time-warping function was created, based on each trial, 150 that determined whether the phase between two successive landmarks should be 'stretched' or 151 'shortened'. The landmark registration approach applied in this study was based on adjusting 152 the differentiation of time (dTime) using a piecewise velocity registration rather than a 153 piecewise linear or spline registration. This study did not use a piecewise linear registration (as 154 employed by Ramsay, 2006) be used. The reader should note that other spline methods have been developed to keep the 158 time function strictly increasing (Page et al., 2006) . However, the approach utilised in the 159 current study registers the dTime which alters the integral of the dTime within set phases 160 ( Figure 3 ). This approach conformed to the following rules: 161  The value of the dTime was set to 1 at the requested landmarks.  If negative values were observed, these values were set to 0. While this case was not where applicable, warping function for all conditions. The number of steps allowed in the 195 regression was limited by the 10:1 rule resulting in no more than 5 features selected 1 (Austin 196 and Steyerberg, 2015; Peduzzi et al., 1996) . To assess the prediction power of the regression Figure 4) . A stronger prediction power was associated 208 with a lower MAE (Table 1) . Warped 3 registration (Adj. R 2 = 0.86, p ≤ 0.001; MAE = 1.39 cm) 209 and CON (Adj. R 2 = 0.87, p ≤ 0.001; MAE = 1.37 cm) had the greatest prediction powers. The 210 lowest prediction power and greatest MAE was TN (Adj. R 2 = 0.65, p ≤ 0.001; MAE = 2.04 211 cm). Warped 4 , warped 5 , and warped 6 increased prediction power by 6-8% and reduced MAE 212 by 0.1 -0.21 cm relative to TN. 213 Figure 5 presents the vGRF and time-domain for the TN and CON conditions with key phases 214 of variation highlighted. Figure 6 presents similar information for each registration condition 215 with the addition of warping function curves. TN, CON and warped 3 vGRF curves had two 216 significantly correlated key phases between ~81-97% of the jump (r = 0.29-0.51, p < 0.05; 217 Table 1) , whereas warped 4 , warped 5 , and warped 6 registrations had only one significantly 218 correlated vGRF key phase between ~83-91% of the jump (r = 0.30-0.33, p < 0.05; Table 1 ).
219
All conditions found vGRF key phases and the time-domain key phase from ~84-100% as 220 significant predictor features that best described jump height ( The purpose of this study was to examine the benefit of landmark registration by utilising the 224 features identified from a vGRF waveform captured during a CMJ to predict jump height. The 225 features generated from the landmark registered waveforms were more appropriate as they had 226 a greater ability to predict a performance measure. The primary findings of the present study (Table 1) . Reducing the waveform variability allowed for the 236 waveform data to be reduced to more appropriate performance related features, thereby, 237 increasing the ability to predict jump height. Of the registration conditions, warped 3 had the 238 greatest prediction power (Adj. R 2 = 0.86, p ≤ 0.001) by landmark registering to account for the end of the eccentric/start of the concentric phase of the CMJ. These phases represent the off (r = -0.41; Dowling and Vamos, 1993) . Decay-rate was also found to be a significant 265 predictor of jump height (Adj. R 2 = 0.17; . Consistent with the 266 findings in this study, timing variation prior to take-off (~90-100%; Table 1 †) was a significant 267 predictor in all conditions.
268
Registration of the eccentric phase was performed in the warped 5 and warped 6 conditions at 269 minimum CoM power and minimum vGRF. Increased alignment of the eccentric phase was 270 found to slightly overcome the over-registration of the concentric phase associated with 271 warped 4 . This resulted in the slightly higher prediction power over warped 4 (1-2%). For 272 warped 5 , registration was performed at minimum CoM power, which has been seen to 273 negatively correlate with jump height (r = -0.3; Dowling and Vamos, 1993) . This resulted in 274 only slightly better prediction power than warped 4 (1%) and a 14% decrease compared to research has suggested that a shorter eccentric phase is associated with increases in jump height 283 (Komi, 2000; Laffaye and Wagner, 2013; Moran and Wallace, 2007) , however this was not 284 found in the current study as the eccentric phase time-domain and warping function key phases 285 were not significant predictors of jump height in any condition. This possibly due to either 286 variability still exists in the eccentric phase in the TN and warped 3 conditions and/or the over-287 registration occurring in the concentric phase as a result of warped 4 .
A secondary analysis was performed to assess the relationship between jump height and the 289 eccentric phase using only eccentric landmarks: minimum vGRF, minimum CoM power, and 290 end of the eccentric phase. The results demonstrate an increased prediction power of jump 291 height to 88%, a 1-2% increase from warped 3 and CON, and 23% greater than the TN curve 292 (Figure 7) . A MAE of 1.32 cm was found for the regression model, the lowest of all conditions.
293
In addition, this registration condition also re-introduced the later vGRF key phase (95-97%) 294 during propulsion as a significant predictor and had a greater correlation to jump height (r = 295 0.40, p = 0.003) than all other conditions. The significant predictor features were all concentric 296 key phases including magnitude, time and warping function variation. The significant predictor 297 features selected were identical to warped 3 (1-2% time variation in key phases). Therefore, it 298 may not be necessary to register to more than three events for the take-off phase of a CMJ.
299
Limitations/Further Work 300 A possible limitation of dynamical time warping in comparison to linear registration is that the 301 relative timing of events within a waveform may be compromised. To mitigate the loss of 302 morphological information, time-domain and warping function features were utilised within 303 the analysis. Secondly, appropriate event selection is essential to allow for consistent 304 comparisons of physiologically meaningful phases across participants for multiple variables.
305
For example, if assessing running gait, the anterior-posterior GRF could be used to align the 306 propulsive and braking phases of stance. This landmark would then be applied to all variables 307 of interest (e.g., joint angular motion). Lastly, we only explored the application and validation 308 of landmark registration in jumping, a movement with a clear performance indicator (jump 309 height); applications to other movements without performance indicators were not considered.
310
Landmark registration can be applied to other movements and may provide information on risk 311 of injury, movement efficiency, or stability, as key physiological time points are aligned and 312 the phase shifts can be examined using the warping functions.
